Solute transport in soils is known to differ from solute transport in homogeneous porous media. Nonequilibrium processes, like those induced by the presence of macropores, can strongly influence the breakthrough of solute in soils. Breakthrough experiments and effective models are often combined to study the physicochemical processes involved in solute transport. However, the complexity of flow pathways and the diversity of possible processes is challenging. In this work, the influence of flow rate and viscosity of the carrying liquid on nonreactive solute transport is investigated under saturated conditions in a macroporous synthetic medium. As expected, solute transport is strongly affected by physical nonequilibrium induced by the preferential flow within the macropore. Breakthrough occurs early, and the shape of the breakthrough curve is influenced both by the flow rate and the coefficient of molecular diffusion of the solute. We show that when the mean residence time of the solute in the macropore is small enough, solute transport in a macroporous column can be considered as isolated within the macropore. The increase of the residence time strongly affects the shape of the breakthrough, and, eventually, a plateau appears during the ascent of the breakthrough curve. We demonstrate experimentally that the existence of this plateau, which is not predicted by classical effective models, is related to the relative importance of molecular diffusion versus advection. Indeed, this plateau can become unobservable if the coefficient of molecular diffusion is reduced through the use of a sufficiently viscous carrying liquid.
Macropores enhance water flow and contaminant transport in soils. They may result from biological activity (e.g., earthworm holes, degradation of roots) or from physical processes (e.g., cracks, fissures) Germann, 1982, 2013) . Numerous field studies have shown that some preferential flow occurs through earthworm holes or root channels present in soils (Larsson et al., 1999) . Macropores thus form preferential pathways for water, as well as solutes and particles within water, from the vadose zone and down to groundwater Germann, 1982, 2013; Zehe and Flühler, 2001) . These bypasses shorten the contact time between contaminants and the soil matrix and may harm the filtering function of the soil (Lamy et al., 2013; Lassabatere et al., 2004) .
However, soils have different types of macropores, and their macroporosity is not necessarily entirely activated, even after an intense rainfall. Preferential flow observed on the field or even with undisturbed soil columns (Seyfried and Rao, 1987; Vanderborght et al., 2000) results from a combination of different but hardly distinguishable heterogeneities. To better understand the role played by an individual macropore, various approaches have been undertaken (Allaire et al., 2009; Rosenbom et al., 2009; Vanderborght et al., 2002; Vogel et al., 2006) . Different artificial systems have provided several insights into the mechanisms involved in macropore flow, such as uniformly packed soils containing constructed macropores (Czapar et al., 1992; Ghodrati et al., 1999; Lamy et al., 2009; Li and Ghodrati, 1997) , or macroporous glass micromodels (Phillips et al., 1989; Wan et al., 
Core Ideas
• BTCs in a macroporous medium cannot always be fitted by classical transport models. • Classical transport models can be faulted in a simple heterogeneous porous medium. • Molecular diffusion affects solute transport for sufficient mean residence time. • The shape of the BTCs depends on the mean residence time of the solute.
1996). Modeling and numerical simulations have also been used to clarify the complex interplay existing between water flux, the fraction of the pore space filled by mobile water, and contaminant transport within the macropore and the surrounding matrix (Allaire et al., 2002; Gerke and Köhne, 2004; Saravanathiiban et al., 2014; Weiler, 2005) . Breakthrough experiments performed in experimental columns have provided valuable information on contaminant transport in macroporous soils (Griffioen et al., 1998) . Early breakthrough is routinely spotted on these systems and reflects the existence of a preferential water flow. However, many processes can affect the transport of contaminants, and their fate cannot be easily determined at the pore scale because of the geometrical complexity of any soil sample.
To handle this complexity issue, several types of effective (upscaled) mathematical models have been developed to simulate solute transport in soils at a scale greater than the pore scale (Gerke, 2006; Köhne et al., 2009 ). Frequently used models in soil physics include the classical convection-dispersion equation (CDE) and various non-equilibrium models, such as the mobileimmobile model (MIM)-sometimes called two-region model or dual-porosity model-and the dual-permeability model (DPM). More sophisticated stochastic models based on a continuous-time random walk can also be used, especially in a hydrogeological context (Berkowitz and Scher, 2009; Berkowitz et al., 2006 Berkowitz et al., , 2008 Bijeljic and Blunt, 2006) . The validity of these models is generally assessed on the agreement between measured and simulated breakthrough curves (BTCs), and fitted parameters are assumed to reflect soil properties, such as the dispersivity, the transfer rate coefficient, or the extent of the mobile region (Lafolie et al., 1997) . Despite their rich phenomenology, BTCs contain a limited amount of information and cannot provide a clear-cut answer concerning the whole set of transport processes involved in a given soil column (Brusseau and Rao, 1990; van Genuchten and Wierenga, 1976) . Furthermore, various studies have stressed that effective parameters may vary with flow rate or the size of the system (Griffioen et al., 1998; Khan and Jury, 1990; Lafolie et al., 1997) . These variations may be due to the parameter non-uniqueness issue plaguing non-equilibrium effective models, but they can also reflect the lack of physical soundness of the chosen model itself.
We thus believe that there is room for improvement in the understanding of flow and contaminant transport in macroporous soils, even for nonreactive solutes flowing along water streamlines, which are the simplest contaminants to deal with. At the smallest scale where continuum mechanics still holds, the transport of these solutes is driven by only two physical processes: advection induced by the water velocity field and molecular diffusion of the solute. A few attempts have been made to go beyond effective models for the simulation of nonreactive solute transport and to describe on a physically sound basis either the velocity field within a macropore (Di Pietro et al., 2003; Perret et al., 2000) or solute transport with the diffusion equation. Rao et al. (1980a Rao et al. ( , 1980b Rao et al. ( , 1982 considered for instance diffusive transport in a porous medium made of spherical aggregates, whereas van Genuchten et al. (1984) and Cihan and Tyner (2011) studied diffusive transport within a homogeneous porous media containing a cylindrical hollow along its axis. Previous studies have examined the simultaneous effect of advection and molecular diffusion for stratified or fractured porous media (Neretnieks, 1980; Sudicky et al., 1985; Tang et al., 1981) ; however, in soil physics, with a few exceptions (Brusseau, 1993; Hu and Brusseau, 1995) , the velocity field and molecular diffusion are generally overlooked, and the effect of small-scale variability on macroscopic solute transport is described statistically through the use of the coefficient of longitudinal dispersion or the dispersion tensor. In this paper, we show that the molecular diffusion coefficient of the solute can influence nonreactive solute transport in macroporous media at a very early stage. To highlight the role played by molecular diffusion on solute transport, we worked under saturated conditions. Indeed, when a soil sample containing a single macropore undergoes a leaching experiment under steady unsaturated conditions, the region of the pore space filled by water can display a complex shape. For instance, a film flow along the boundary of the macropore is sometimes observed even when water is under tension within the system (Wan et al., 1996) . Other factors that are not easily quantifiable, such as air bubbles entrapped near the matrix-macropore interface, variations in water matrix potential, or surface roughness, may also affect water flow and solute transport (Phillips et al., 1989) . Working under saturated conditions allows a better understanding of the liquid velocity field. This detailed knowledge is important to disentangle advective and diffusive contributions to nonreactive solute transport.
In this study, we determined the breakthrough of KBr in two saturated columns (one with a macropore, one homogeneous) filled with a synthetic material made of glass beads. Our goal was to study nonreactive solute transport in these columns and to get a better grasp of the role played by solute exchange between the macropore and the neighboring porous matrix under saturated conditions for different flow rates and with two distinct saturating liquids (pure water and a much more viscous glycerol-water mixture). We can independently adjust these two factors to weigh the relative importance of advective and diffusive transport processes. For instance, the relative importance of transport by advection can be boosted in two different and independent ways: (i) by increasing the flow rate or (ii) by increasing the viscosity of the carrying liquid, thus reducing the coefficient of molecular diffusion of the solute.
Here we start by describing some theoretical considerations on water flow and solute transport in macroporous columns. The experimental columns made of glass beads (one with a macropore, one homogeneous) are presented, along with the Br − breakthrough experiments performed for steady flow rates varying over two orders of magnitude. The analysis of the BTCs is described, and the BTCs measured on the macroporous column, first with aqueous solutions and then with glycerol-water solutions, are presented. The purpose of the glycerol-water solutions is to decrease the coefficient of molecular diffusion of the Br − ion and, consequently, to reduce the mass exchange between the macropore and the surrounding porous matrix. The BTCs of the macroporous column are compared with those measured at the outlet of a nonporous straight pipe of circular cross-section having the same diameter and length than the macropore. The wall of the pipe ensures that no solute can exit the macropore (except at the outlet) and simulates the limiting case where any mass exchange between the macropore and its surroundings is prohibited. The paper ends with a discussion of the respective contributions of advection and molecular diffusion to nonreactive solute transport in macroporous media and some thoughts on potential research directions.
Theoretical Considerations and Implications for Transport Modeling
We consider a macroporous column of diameter d col , filled with a homogeneous porous medium made of nonporous round shaped grains of mean diameter d g , except along the axis of the column where there is a cylindrical macropore of diameter d macro (Fig. 1a ). The diameter of the macropore is assumed to be at least equal to a few grain sizes (d macro ³ 5d g ) and much less than the diameter of the column (d macro << d col ). Under these assumptions, when the system is saturated by a Newtonian liquid like water and submitted to a moderate steady flow rate, the velocity profile within the macropore, in a plane perpendicular to its axis, is expected to be approximately parabolic. Indeed, if the macropore were bounded by a cylindrical wall, and with a steady flow rate sufficiently gentle for the flow to stay laminar, the liquid velocity field would obey Poiseuille's law, and the velocity profile would be perfectly parabolic. However, in our case, the macropore is bounded by some grains that are part of the surrounding homogeneous porous medium, and Poiseuille's law is not strictly verified.
Water flow at the interface between a zone without any particle (free flow channel) and a porous material has received a great deal of attention, especially in the context of fractured porous media (Berkowitz, 1989) . It has been shown experimentally that a Newtonian liquid flowing in a channel parallel to a porous medium can affect the flow in the porous medium close to the interface because of the viscous shear exerted by the liquid moving in the channel on the liquid located between the grains lining the channel. Beavers and Joseph (1967) proposed a mathematical model to account for this phenomenon, in which a slip boundary condition is assumed to hold at the interface. The extension of the transition region of disturbed flow in the porous media has been studied theoretically (Berkowitz, 1989) and experimentally (Arthur et al., 2009; Wan et al., 1996) . It appears that for a model porous media mimicking a soil, the thickness of the transition region is very small (at most a few d g ). Darcy's law is not applicable in this small transition region but can be assumed to hold for the flow in the remainder of the porous medium. Furthermore, the experiments of Arthur et al. (2009) and Wan et al. (1996) show that the velocity profile in the channel retains a classical parabolic shape reminiscent of the profile obtained for laminar flow in a straight channel.
If the transition region is neglected, one can assume that the flow within the macroporous column is the superposition of a quasi-Poiseuille flow in the macropore and a Darcian flow in the porous matrix of porosity j (pore volume of the matrix divided by its total volume and permeability k mat ). It is well known that the flow rate of a Poiseuille flow can be represented by Darcy's law: a permeability k macro can thus be assigned to the liquid saturated macropore. Under these approximations, the flow in the column is the juxtaposition of two Darcian flows in parallel and the ratio of pore velocities between the matrix and the macropore, which is independent of the value of the flow rate, is mat mat
The application of Poiseuille's law in the cylindrical macropore gives k macro = d 2 macro /32 (Bear, 1972) . Moreover, according to the Kozeny-Carman relation, the permeability of the matrix can be considered to be close to k mat = d g 2 j 3 /[180(1j) 2 ] (Bear, 1972) . Consequently,
The porosity of a random packing of polydisperse spheres with a polydispersity index ( ) 2 0.40 r r r -á ñ £ ranges between 0.32 and 0.36 (Desmond and Weeks, 2014; Farr and Groot, 2009), so, according to Eq. [2] , v mat /v macro essentially scales as (d g /d macro ) 2 . Because d macro ³ 5d g , the order of magnitude of this ratio is O(10 -3 ).
The order of magnitude of v mat /v macro is of paramount importance if one wants to select an effective model for solute transport on physical grounds. The column being obviously heterogeneous, in addition to CDE, at least two possible effective models come to mind: the MIM and the DPM. The MIM should not be discarded Fig. 1. (a) Mass exchange at the interface between the macropore (diameter d macro , in blue) and the surrounding porous matrix (in yellow) in a macroporous column; (b) expected mobile-immobile modeling for a macroporous column: the mobile region encompasses the macropore and its surroundings, and the immobile region is a fraction of the pore space within the bulk of the porous matrix. q im , water content of the immobile phase; q m , water content of the mobile phase.
in favor of DPM because of the existence of a nonzero mean velocity, either in the macropore or within the porous matrix (Eq. [2]). Indeed, the immobile region may contain water that is stagnant, as assumed in the seminal work of Coats and Smith (1964) , or it may contain water that is flowing much slower than that in the mobile region, rendering the immobile water effectively stagnant.
Experiments with porous micromodels designed to simulate solute transport in an aggregated soil rather suggest that the MIM is able to accurately reproduce the effluent curves provided that the velocity ratio between the "slow" region and the "fast" region (v mat / v macro in our case) is small enough (£10 -3 ) (Zinn et al., 2004) . On the other hand, effluent curves can be well fitted with a CDE when the velocity ratio is high enough (velocity ratio ³0.2) or when the residence time is sufficiently long for the concentrations in both domains to equilibrate. The situation is more involved for an intermediate velocity ratio : Zinn et al. (2004) had to resort to a dedicated upscaled transport model to properly fit the effluent curves obtained in this case.
Given that v mat /v macro = O(10 -3 ) for the kind of macroporous column herein considered, the MIM is presumptively more suited than DPM or CDE to reproduce experimental BTCs. Consequently, BTCs will be systematically fitted with the MIM, and a CDE fit will be displayed for the sake of comparison. The order of magnitude of v mat /v macro also enables making a reasonable prediction for the fraction of mobile water: the mobile region should likely encompass the macropore and possibly its immediate surroundings, whereas the immobile region should be a fraction of the pore space belonging to the porous matrix ( Fig. 1 depicts the conceptual model considered in this study). Therefore, if the MIM is physically relevant to simulate solute transport in the macroporous column, we expect to find that the fraction of mobile water is roughly equal to the fraction of the pore space occupied by the macropore.
The diffusive component of solute transport, which is expected to affect mass transfer between mobile and immobile regions, can be altered by modifying the viscosity of the saturating liquid. According to Stokes-Einstein law, the molecular diffusion coefficient D 0 of a solute is inversely proportional to the viscosity of the liquid, D 0 = k B T/(6pmr), where k B is the Boltzmann constant, T is the thermodynamic temperature, m is the dynamic viscosity of the fluid, and r is the hydrodynamic radius of the diffusive solute (Li and Chang, 1955) . Thus, at a given flow rate, the mass transfer coefficient is expected to decrease when increasing the viscosity of the saturating liquid.
Materials and Methods

Porous Media
We constructed two experimental acrylic glass columns (one with a macropore and the other one homogeneous) filled with a synthetic consolidated porous medium made of spherical glass beads with a diameter uniformly distributed between 0.4 and 0.8 mm (d g = 0.6 mm, polydispersity index of 0.18). Consolidation has been achieved with an epoxy resin (Araldite) during the fabrication of the porous medium, ensuring that its structure remains unchanged even if the system undergoes a succession of breakthrough experiments. The diameter of each column is 5.0 cm (d col @ 84 d g ), and the height of each column is L col = 14.5 cm.
A macroporous column (Column M) was constructed by inserting a 3-mm-diameter Teflon cylindrical rod along the axis of the column before the insertion of the mixture of beads and glue. The rod was removed as soon as the medium was sufficiently consolidated (Column M is shown schematically in Fig. 2b) . The presence of the glue prevents the collapse of the macropore during the breakthrough experiments (macropore collapse often represents a major impediment for breakthrough experiments performed in engineered columns [Li and Ghodrati, 1997] ). The constructed macropore has a volume of 1.5 mL because its effective diameter d macro is equal to the rod diameter plus the mean diameter d g of a glass bead (d macro @ 6d g and d col @ 14d macro ). The total pore volume V 0 is estimated to be ?103.5 mL. The assumptions outlined above are fulfilled, and, according to the theoretical analysis, v mat /v macro @ O(10 -3 ).
Some additional experiments were performed on a vertical plastic nonporous pipe of circular cross-section, having the same dimensions as the macropore (14.5-cm length, 3-mm diameter), to study solute transfer in a macropore completely disconnected from a porous matrix.
A homogeneous control column (Column C), without any macropore, was constructed by packing in the tube of the column a mixture of glass beads and glue prior to hardening (Fig. 2b) . The pore volume of Column C is 102.5 mL, and its porosity is 36%. The results obtained for this column are outlined in Appendix A.
Aqueous and Glycerol-Water Solutions
Potassium bromide was selected to perform nonreactive solute transport experiments. The Br − ion is known to be a good tracer in soils (Haws et al., 2004) and can be quantified by ion chromatography. We confirmed that Br − was a nonreactive species in our synthetic porous media (the sorption isotherm determined experimentally shows no adsorption on the studied porous media). Two aqueous solutions were prepared by dissolving powdered KBr in ultrapure water at concentrations of 5.0 ´ 10 -4 mol L -1 (conditioning solution) and 5.0 ´ 10 -3 mol L -1 (tracer solution).
Breakthrough experiments with glycerol-water solutions were performed. Glycerol (C 3 H 8 O 3 ) is 1.5 ´ 10 3 more viscous than pure water at 20°C. A Newtonian liquid of viscosity ranging between the viscosity of water and the viscosity of glycerol can be prepared by mixing an adequate proportion of water and glycerol (Cheng, 2008) . Such a mixture can be used to decrease the molecular diffusion coefficient of Br − . Two glycerol-water solutions (with a glycerol mass fraction of 50%) were prepared at Br − concentrations of 5.0 ´ 10 -4 mol L -1 (conditioning solution) and 5.0 ´ 10 -3 mol L -1 (tracer solution). For a mass fraction of glycerol equal to 50% at 20°C, the viscosity of the glycerol-water solution is six times the viscosity of pure water (Cheng, 2008) . Thus, in this glycerol-water solution, according to the Stokes-Einstein law, the coefficient of molecular diffusion D 0 of the Br − ion is expected to be six times smaller than in pure water (in pure water at 20°C, D 0 = 2.1 ´ 10 -9 m 2 s -1 [Bockris and Reddy, 1997] ).
Injection of Solutions
Solutions were injected in the columns or in the pipe from the bottom with the help of a peristaltic pump (Ismatec ISM834A) connected to the injection system of an Äktaprime device (GE Healthcare). This liquid chromatography system was used to continuously monitor electrical conductivity, pH, UV absorbance, and temperature at the outlet of the column (Fig. 2c ) or the pipe.
Elution fractions were collected to determine Br − concentration by ion chromatography (ICS-2100, Dionex). Electrical conductivity depends linearly on Br − concentration, with a correlation coefficient >0.95, and can thus be used to monitor Br − elution.
The total pore volume, V p tot = V 0 + V dead , includes the pore volume V 0 of the saturated column itself (or of the pipe) and the dead volumes of the connections (volume of water in the tubes and the column caps). The difference between V 0 and V p tot does not exceed 2% of V 0 . Prior to any experiment, the columns were saturated with the conditioning solution. A breakthrough experiment begins with the injection of three to five pore volumes of conditioning solution to stabilize the pH and the electrical conductivity. A volume of 5.0 mL of tracer solution, initially stored in the sample loop of the chromatography system, is then injected, followed by three to five pore volumes of conditioning solution to wash out the system and complete the experiment. The experiments were conducted for the following values of the volumetric flow rate (monitored at the outlet with a fraction collector): Q = 5.0, 2.0, 1.0, 0.50, 0.20, 0.10, and 0.050 mL min -1 . The corresponding Darcy velocities in the columns [q = 4Q/(pd col 2 )] were q = 2.5 ´ 10 -1 , 1.0 ´ 10 -1 , 5.1 ´ 10 -2 , 2.5 ´ 10 -2 , 1.0 ´ 10 -2 , 5.1 ´ 10 -3 , and 2.5 ´ 10 -3 cm min -1 . Experimental conditions are summarized in the first two rows of Table 1 . Each breakthrough experiment was repeated three times (except for the smallest flow rate) to check the repeatability of the results and to quantify the experimental uncertainty.
All breakthrough experiments performed in this study were obtained under saturated conditions in a reproducible way. We did not use surface ponding to achieve saturation; we used instead a peristaltic pump to get a good liquid saturation of the columns and to set easily the value of the steady flow rate. Moreover, for Column M, the solutions were directly injected in front of the macropore to maximize the quantity of solute transported through it and the amount that can be exchanged between the macropore and the surrounding porous matrix.
Breakthrough Curves and Modeling
Breakthrough curves are easier to compare when the normalized concentration c(t) = [C(t) -C min ]/(C 0 -C min ), where C(t) is the solute concentration at time t at the outlet, C 0 is the solute concentration in the tracer solution, and C min is the solute concentration in the conditioning solution, is plotted against the number of pore volumes V(t)/V 0 , where V(t) is the volume of solution injected at time t, and V 0 is the pore volume of the system. Given the linear relationship between Br − concentration and electrical conductivity, the normalized concentration of Br − is equal to:
where s max is the electrical conductivity of the tracer solution, s min is the electrical conductivity at the outlet of the column during the conditioning stage, and s(t) is the electrical conductivity measured at time t. All BTCs have been analyzed with the moment method (Sardin et al., 1991) . The mass balance MB (i.e., the ratio of the mass of tracer having exited the column over the mass of tracer injected during the experiment) and the retardation factor R = t s /t s (i.e., the ratio of the average residence time of a molecule of VZJ | Advancing Critical Zone Science p. 6 of 15 solute t s over the average residence time of a molecule of water t s ) are related to the zeroth and first moments of experimental BTCs,
where dt is the duration of the injection, q is the Darcy velocity, q is the total water content in the column, and L eq = L col V p tot /V 0 is the equivalent length of the porous system, taking into account the volume of water in caps and tubes. For a nonreactive solute, MB should be equal to 1 provided that the duration of the experiment is long enough to let all the solute get out of the system. In addition, the retardation factor is related to the volume of liquid involved in solute transport, which equals RV 0 . The nonreactive transport of Br − is also modeled both with the convection-dispersion and with the MIMs using the HYDRUS-1D code (Hanna et al., 2012; Lamy et al., 2013; Šimůnek et al., 2005 , 2008 . The one-dimensional CDE solved by HYDRUS-1D is
where C(z,t) is the concentration of the solute, q is the water content, l is the longitudinal dispersivity, and q is the Darcy velocity. The parameters fitted by HYDRUS-1D are the total water content involved in solute transport, q CDE , and the longitudinal dispersivity, l CDE . The volume of liquid involved in transport estimated by the CDE, V CDE , can be deduced from the value of q CDE . The MIM solved by HYDRUS-1D consists in the following equations:
where C(z,t) is the concentration of the solute, q is the water content (the subscript m denotes the mobile phase and im denotes the immobile phase), q is the Darcy velocity, l is the longitudinal dispersivity, and a is the mass exchange coefficient between both phases. The parameters fitted by HYDRUS-1D are the total water content involved in solute transport q m + q im , the immobile water content q im , the dispersivity l MIM , and the mass exchange rate a. The pore volume V MIM = V m + V im (where V im is the volume of the immobile region) involved in solute transport and the volume of the mobile region V m , where advective transport takes place, can easily be deduced from q m and q im . Furthermore, the four MIM parameters can be used to define three characteristic times related to the processes involved in the MIM (advection, dispersion, and mass exchange): the convection time t conv = L em /q, the characteristic time of mass exchange between mobile and immobile water t a = q im /a, and the characteristic time of solute dispersion t d = l MIM q m /q (Sardin et al., 1991) . Ratios between these times make it possible to assess the relative importance between processes. 6 Breakthrough in the Macroporous Column and in an Isolated Macropore
Injection of Aqueous Solutions at Several Flow Rates
The normalized BTCs measured continuously for the macroporous column at different flow rates are depicted in Fig.  3 . Aqueous solutions have been used to carry out these breakthrough experiments. The BTCs are strongly asymmetric, with a sharp ascent and a long descent. The breakthrough appears for small pore volumes V/V 0 (smaller than 0.02), and the normalized concentration reaches maximum values between 0.20 and 0.80. This very early breakthrough stems from the preferential flow occurring in the macropore, which constitutes a fast flow zone. Moreover, Br − concentration nearly vanishes when the injected volume is >0.5 V 0 . However, the most eye-catching result is the strong influence of the flow rate on the breakthrough. At high Darcy velocity (between 2.5 ´ 10 -2 and 2.5 ´ 10 -1 cm min -1 ), the BTCs displays a single peak, whereas at lower Darcy velocity (between 2.5 ´ 10 -3 and 1.0 ´ 10 -2 cm min -1 ) an inflection appears during the ascent of the BTCs. This inflection widens when the flow rate diminishes and eventually becomes a plateau for the lowest Darcy velocity (2.0 ´ 10 -3 cm min -1 ). This inflection suggests that the BTC becomes bimodal when the Darcy velocity is <2.5 ´ 10 -2 cm min -1 . We explain below that this is not the case: the observed inflection is not the onset of a second peak. At low Darcy velocities (£1.0 ´ 10 -2 cm min -1 ), despite the early breakthrough, the BTCs display a long tail, and more than one pore volume is required to get a stationary mass balance for the tracer, pointing at strong physical non-equilibrium effects in the macroporous column.
Mass balances, retardation factors, the CDE, and the MIM optimized parameters and related quantities for the macroporous column are listed in Table 1 and depicted in Fig. 4 . The numerical BTCs corresponding to these optimized parameters are visible on the bottom part of Fig. 3 . Table 1 and Fig. 4 show the influence of the flow rate on the different volumes involved in solute transport. The evolution of the pore volume involved in solute transport V MIM and of the volume of the mobile region V m with flow rate (Fig. 4) displays two distinct trends, with a threshold at 2.5 ´ 10 -2 cm min -1 . However, these volumes are lower than the pore volume of the macroporous column, especially at high flow rate. Moreover, the volume of mobile water deduced from the MIM is always <15% of the pore volume of Column M, revealing that Br − is transported through a small fraction of the water present in the column. According to the MIM, a sizeable fraction of the water in the system is not visited by the tracer and can be considered as completely isolated. This observation suggests that the presence of the macropore restricts liquid flow and solute transport in a volume encompassing the macropore but not the whole column. Above 2.5 ´ 10 -2 cm min -1 , V m ranges between 1.5 and 2 mL; this range is very close to the volume of the macropore, which is 1.5 mL. This observation is consistent with the theoretical analysis described above: as expected on a physical basis, V m @ V macro . The volume of the immobile region V im lies between 2.5 and 3 mL. These values suggest that at high enough Darcy velocity, flow and solute transport are restricted to the macropore, with only a slight diffusion of solute in a small volume of water around the macropore. The ratio t a /t conv (Fig. 4 ) supports this interpretation: at high Darcy velocity, the immobile phase is less easily accessible to the solute, and equilibrium concentration between the mobile and immobile regions is not reached. If that were the case, the MIM would be equivalent to CDE and the goodness of fit of both models would be the same, but Fig. 3 clearly demonstrates that the MIM provides a better fit than CDE. The residence time of the mobile water in Column M is too small to achieve equilibrium within the system, confirming the results of Vanderborght et al. (2000) .
Below 2.5 ´ 10 -2 cm min -1 , V MIM and V m increase significantly; V MIM is 10 to 75% of the pore volume of Column M (Fig. 4) , and V m ranges between 2.6 and 13.6 mL. Moreover, the ratio t a /t conv is at least twice as large as it is when q > 2.5 ´ 10 -2 mL min -1 . These values suggest that solute transport occurs in a volume larger than the volume of the macropore and that the solute diffuses in a significant volume of immobile water (up to 60% of the pore volume of Column M).
The MIM parameters obtained with q < 2.5 ´ 10 -2 cm min -1 are at odds with the theoretical analysis presented above. There is a tenfold increase of the volume of mobile water when q is reduced from 2.5 ´ 10 -1 to 2.5 ´ 10 -3 cm min -1 : for the highest Darcy velocity, V m @ V macro , whereas for the smallest Darcy velocity V m @ 10V macro . We therefore believe that the use of the MIM is questionable for the macroporous column when the flow rate becomes too small. This claim is supported by the fitted BTCs with MIM-adjusted parameters visible in Fig. 3 : the goodness of MIM fit worsens when the Darcy velocity decreases. When q = 5.1 ´ 10 -3 cm min -1 , the BTC obtained with the MIM parameters does not display the inflection observed experimentally. The tail of the experimental BTC is rather well reproduced but at the expense of the inflection part of the curve.
Injection of Glycerol-Water Solutions at Several Flow Rates
Glycerol-water solutions injected at three different flow rates (Q = 1.0, 0.50, and 0.10 mL min -1 , which corresponds to average Darcy velocities q = 5.1 ´ 10 -2 , 2.5 ´ 10 -2 , and 5.1 ´ 10 -3 cm min -1 ) were used to perform additional breakthrough experiments on the macroporous column. The corresponding normalized BTCs are shown in Fig. 5 . The most striking observation is how different they are from the BTCs obtained with aqueous solutions (compare Fig. 5 with Fig. 3a) . First, the flow rate does not appear to have much effect on the shape of the BTCs: the three curves are similar despite the tenfold factor between the highest and the lowest flow rate. Yet, Fig. 3a shows that this spread of flow rate has a dramatic effect on the shape of the BTCs when aqueous solutions are injected. Second, the BTCs do not display inflection when the Darcy velocity is <2.5 ´ 10 -2 cm min -1 . Third, the BTCs presented in this subsection look like the BTCs obtained with aqueous solutions at the highest Darcy velocity (2.5 ´ 10 -1 cm min -1 ) (Fig. 3a) .
At the pore-scale level, the transport of Br − is exclusively driven by advection and molecular diffusion. Thus, for a given flow rate, the diffusive component of transport is responsible for the dissimilarity of aqueous and glycerol-water BTCs. Transport of Br − by molecular diffusion is greatly reduced in the glycerolwater solution because its viscosity is approximately six times larger than the viscosity of pure water.
As for the breakthroughs performed with aqueous solutions, CDE-and MIM-optimized parameters were derived from experimental BTCs. Numerical BTCs corresponding to these parameters are displayed in the inset of Fig. 5 for the experimental breakthrough conducted at q = 5.1 ´ 10 -3 cm min -1 . It shows that the BTC obtained with CDE-adjusted parameters does not fit very well the experimental curve. By contrast, the BTC calculated with optimized MIM parameters is in good accordance with the experimental data (inset of Fig. 5 ). With the MIM, the quality of the fits does not seem to be affected by the value of the flow rate. This is a striking difference compared with what is observed when aqueous solutions are injected. In the latter case, a decrease of the flow rate is correlated with a worsening of the quality of the MIM fit. With glycerol-water solutions, the volumes of the mobile region V m inferred for the three different flow rates range between 1.1 and 1.6 mL, very close to V macro ; V m appears to be physically meaningful for a broad range of flow rates.
This set of experiments shows that the coefficient of molecular diffusion of the solute can greatly affect the shape of the BTCs. More precisely, we believe that the diffusive mass exchange between the macropore and the porous matrix is responsible for the variation of aspect visible on the experimental BTCs when aqueous solutions are injected. When diffusive transport is strongly reduced (as is the case with glycerol-water solutions) and/or transport by advection is dominant (at high enough flow rate), solute transport is somewhat isolated in the macropore, and mass exchange with the porous matrix is limited. Glycerol-water solutions are a means to hamper this exchange, but we decided to deepen our analysis and to study what happens when mass exchange is reduced to zero along the boundary of the macropore.
Injection into a Pipe Simulating an Isolated Macropore
To investigate the effect of mass transfer between the macropore and the matrix, BTCs measured for the macroporous column were compared with those obtained with a macropore completely isolated from any surrounding porous matrix. The goal of this set of experiments is to assess the influence of the sole macropore on the breakthrough without influence of the surrounding porous matrix. Such a macropore can be simulated by a straight cylindrical tube having the same dimensions as the macropore of Column M. The experimental BTCs obtained by injection of KBr into the pipe are shown in Fig. 6a . To compare the BTCs measured on Column M and on the pipe, we normalized the volume injected into the pipe by the pore volume of Column M instead of that of the pipe itself. This choice explains the early breakthrough observed in Fig. 6a . Moreover, the comparison between the two systems has been made for similar values of the volumetric flow rate. Making the comparison for the same values of the average Darcy velocity would be irrelevant because of the strong partitioning of the flow in Column M discussed above. Indeed, according to Eq. [2], given the characteristics of Column M, 90% of water flows through the macropore. Figure 6a shows that when the flow rate is <0.2 mL min -1 , the BTCs resemble the rectangular input of tracer solution injected at the inlet of the pipe (recall that 5.0 mL of tracer solution is injected at the beginning of each breakthrough experiment). When the flow rate is >1 mL min -1 , BTCs become asymmetric, some tailing appears, and the maximum value reached by the normalized concentration becomes lower than 1 and decreases with increasing flow rate.
The transition between these two regimes is governed by the dimensionless number P = Q/(D 0 L col ); 1/P is the ratio between the mean residence time of the solute in the macropore and the characteristic time required for the solute to diffuse transversally over a length equaling the diameter of the macropore. If P >> 1, solute transport is dominated by advection, and breakthrough is strongly skewed, whereas if P << 1, the breakthrough is perfectly symmetric. The latter case corresponds to the Taylor-Aris asymptotic regime, which has been thoroughly described in the literature (Aris, 1956; Taylor, 1953 Taylor, , 1954 , and the former case corresponds to a pre-asymptotic regime (Korenaga, 1989) , which is far less universal but is nevertheless well documented for straight tubes of circular cross-section. The behaviors described above are somewhat smoothed by the input signal used in this study (a 5.0-mL volume of tracer solution is injected into a 1.0-mL pipe) but remain visible. Figure 6a shows that BTCs are strongly asymmetric for the two highest flow rates (the asymmetry being, as expected, even more salient for the highest flow rate) and perfectly symmetric for the two lowest flow rates. The measured BTCs look more and more similar to the input signal as the flow rate decreases because the Taylor-Aris dispersion coefficient, which is proportional to the square of the mean liquid velocity (Aris, 1956) , decreases when the flow rate diminishes; the corners of the input signal are thus less eroded by dispersion at the lowest flow rate. Figure 7 compares the BTCs obtained with Column M and the pipe. The BTCs have a similar shape for Q = 5.0 mL min -1 . At the highest flow rate, the macropore behaves like a pipe and can be considered as isolated from the porous matrix. The mass exchange between both zones during the breakthrough experiments is negligible or at least very limited. The small observed discrepancy may be attributed to slightly different velocity fields in the pipe and in the macropore (the macropore of Column M is not bounded by a smooth and round wall but by a packing of spherical beads), to the nonzero flow of water through the porous matrix, or to a possible small mass transfer between the macropore and the surrounding matrix.
Conversely, there is a significant difference between the BTCs of the macroporous column and the pipe at 0.10 mL min -1 (Fig.   Fig. 6. (a) Influence of the flow rate of an aqueous solution on experimental Br − breakthrough curves (BTCs) for a pipe having the same dimensions as the macropore of Column M, (b) fitted BTCs with convection-dispersion equation (CDE)-adjusted parameters for Q = 2.0 mL min -1 and Q = 0.10 mL min -1 (symbols represent the experimental values selected for the inversion), and (c) fitted BTCs with mobile-immobile model (MIM)-adjusted parameters for Q = 2.0 mL min -1 and Q = 0.10 mL min -1 (symbols represent the experimental values selected for the inversion). 7). In this case, solute transport in Column M is substantially different from what is observed in the pipe. The macropore can no longer be considered as isolated from its neighboring matrix, and the significant difference between the BTCs is likely related to the occurrence of some solute transfer between the macropore and the matrix.
The CDE-and MIM-optimized parameters have also been derived from experimental BTCs. The BTCs calculated with these parameters are shown on Fig. 6b and 6c . Physically, there is no immobile zone in a pipe undergoing a Poiseuille flow, and indeed, the measured BTCs are well reproduced by the convection-dispersion model.
The influence of molecular diffusion on solute transport can be observed with the pipe. Experimental BTCs of the pipe are affected by the viscosity of the Newtonian liquid injected to carry out the experiments (compare Fig. 8 and 6a ). Modifying the nature of the liquid injected into the pipe does not modify the Poiseuille flow profile within it (at least when the Reynolds number is <2.1 ´ 10 3 [Avila et al., 2011] , which is indeed the case in our experiments), but increasing viscosity decreases the coefficient of molecular diffusion. Molecular diffusion is thus able to affect solute transport in a pipe having the same dimensions as the macropore of Column M. The decrease of molecular diffusion promotes the persistence of the pre-asymptotic regime and the skewness of the BTCs.
Discussion
Diffusive mass exchange between the macropore and the porous matrix affects solute transport in the macroporous column. However, this exchange is significant only at small Darcy velocity. Indeed, the BTCs of the macroporous column and of the pipe are similar for the highest flow rate, whatever the solutions injected. This observation is consistent with the analysis presented herein: the resemblance between the BTCs reflects the fact that, in the macroporous column, most of the liquid flows through the macropore. The BTCs of the macroporous column and of the pipe diverge when the flow rate is lowered. What really matters is the order of magnitude of the dimensionless number P: when P >> 1 (high flow rate and/or small coefficient of diffusion), molecular diffusion plays a negligible role on the breakthrough.
Molecular diffusion has adverse effects in the pipe and in the macroporous column. When diffusion cannot be overlooked, a non-negligible fraction of the solute will leave the macropore to enter the surrounding porous matrix. Pore velocity in the matrix being far smaller than it is in the macropore, the molecules entering the porous matrix will lag behind the ones staying in the macropore, resulting in a great variability in the residence time of solute molecules within the column. The BTCs are expected to become more skewed with increasing diffusive transport (i.e., with decreasing flow rate), and this is what is observed experimentally. This should also lead to an increase of the mean residence time of the solute in the macroporous column. This prediction is consistent with the fact that the number of pore volumes corresponding to the maximum of the BTCs increases when the Darcy velocity decreases (Fig. 3a) .
The effect of molecular diffusion is completely inverted for the pipe. If the mean residence time of the solute in the pipe remains moderate (P ³ 1), each molecule of solute stays close to a given streamline and is transported at a velocity that differs from one position to another along the section of the pipe. Thus, molecules of solutes leave the pipe at broadly different times because they move at very different velocities (close to zero near the wall of the pipe and with a velocity equal to twice the average velocity on the axis of the pipe). Consequently, the corresponding BTC is very skewed and displays a long tail. A more compact and symmetric BTC is obtained when the mean residence time in the pipe is long enough (P << 1), so that each molecule of solute can diffuse multiple times across the section of the pipe during its transport, experiencing a mix of all velocities.
Breakthrough experiments performed with aqueous solutions injected in the macroporous column have shown that the shape of the breakthrough strongly depends on the flow rate. When the Darcy velocity is lowered and becomes <2.5 ´ 10 -2 cm min -1 , an inflection appears during the ascent of the BTC. This inflection becomes wider as the flow rate is reduced and becomes a plateau for the lowest Darcy velocity we tested. A MIM modeling is not able Fig. 7 . Breakthrough curves of the macroporous column (continuous line) and of a pipe having the same dimensions (dotted line). to fit accurately the experimental BTCs obtained with aqueous solutions and gives nonphysical values for the volume of mobile water when the flow rate is small enough. The observed inflection of the breakthrough cannot be reproduced with a numerical BTC derived from MIM equations: whatever the set of parameters selected, any MIM BTC will be single peaked, without any inflection. The specific feature observed in this study (ascent followed by an inflection or a plateau before a second ascent) is thus out of reach of the MIM and will remain elusive if one wants to stick to this model. We believe this is the reason why reliable information on water flow in the macroporous column cannot always be derived from the MIM; when the inflection appears, this model is not firmly grounded, and if it is used the optimized parameters obtained can have no real physical meaning. For instance, the value of the volume of mobile water results from a combination of the physical fast-moving region (i.e., the proportion of the pore space where the velocity field indicates that there is some fast flow) with an additional component linked to the volume of the pore space affected by diffusive transport.
The relative importance of molecular diffusion compared with advection in the macroporous column can be assessed thanks to the calculation of the dimensionless number P. In this study, P ranges between 2.7 (for Q = 0.05 mL min -1 ) and 2.7 ´ 10 2 (for Q = 5.0 mL min -1 ) for the injection experiments performed with aqueous solutions. For the experiments performed with glycerol-water solutions, P ranges between 3.3 ´ 10 1 (for Q = 0.10 mL min -1 ) and 3.3 ´ 10 2 (for Q = 1.0 mL min -1 ). As discussed above, the shape of the BTCs obtained with aqueous solutions is affected by the flow rate, and a transition occurs when the value of the Darcy velocity is close to 2.5 ´ 10 -2 cm min -1 . For our macroporous column, this value corresponds to a flow rate equal to 0.50 mL min -1 and P = 27. The inflection visible on a few BTCs displayed in Fig. 3 clearly appears when P £ 11 (q £ 1.0 ´ 10 -2 cm min -1 ). The dimensionless number P corresponding to the experiments performed with glycerol-water solutions was always greater than this value, and this is why the BTCs measured with glycerol-water solutions do not display an inflection.
For the macroporous column, we think that the shortcomings observed when MIM is used to fit the BTCs measured at sufficiently low P are related to the geometry of the pore space in macroporous media and to the way transport by molecular diffusion is modeled. Contrary to the case of soil aggregates, the fast-flow and the slow-flow regions of the macroporous column are not closely intertwined in the whole system. Solute exchange between both zones only occurs along the boundary of the macropore, and a consequent fraction of the solute present in the slow flow region (i.e., in the porous matrix) can potentially be far away from the macropore and hardly accessible. Connections between the fast-flow and the slow-flow regions are rather limited and preclude MIM from producing meaningful information when some solute has entered the bulk of the porous matrix. Even the more refined model of van Genuchten et al. (1984) , which has been explicitly developed to study solute transport through a soil containing a large cylindrical macropore, does not fit our experimental data very well (see Appendix B). However, when the flow rate is high enough, the transport of solute occurs in a somewhat isolated way in the macropore. In this case, a very limited fraction of solute enters the porous matrix while remaining close to the macropore, and MIM is able to accurately fit the experimental breakthroughs and to provide relevant information on water flow within the system.
Conclusions
In this study, breakthrough experiments in a macroporous column and in a pipe (having the same dimensions as the macropore present in the macroporous column) were performed by injecting KBr solutions. The pipe can be considered as a macropore isolated from any surrounding matrix. Experiments made on the macroporous column clearly show that solute transport occurs earlier in the presence of a macropore than for a homogeneous porous medium, as reported in several studies (e.g., Lamy et al., 2009) .
Classical breakthrough experiments performed by injecting an aqueous solution of KBr have shown that the shape of the BTCs of the macroporous column is sensitive to the flow rate, even at a very early stage. When the flow rate is lowered, an inflection appears on the BTCs. This inflection widens and eventually becomes a plateau as Darcy velocity decreases. Additional breakthrough experiments performed by injecting a glycerol-water solution of KBr (to lower the transport rate of Br − by molecular diffusion at a given flow rate in comparison with the case of an aqueous solution) have shown that, in this case, flow rate has little effect on the shape of the BTCs. The importance of diffusive solute transport, and thus its influence on the BTCs, depends on the value of the flow rate. The relative importance of advection and molecular diffusion for solute transport can be assessed thanks to the dimensionless number P. When it is large enough, the shape of the BTC is not very sensitive to the precise value of P, but this is no longer true when P is below a certain value: breakthrough experiments conducted by injecting aqueous solutions with P £ 11 yielded BTCs that strongly depended on the value of P.
Moreover, given the characteristics of Column M, ?90% of the carrying liquid is expected to flow through the macropore, and, from a hydrodynamic point of view, the macroporous column is expected to be similar to a nonporous straight pipe of circular cross-section having the same dimensions as the macropore. When the flow rate is >1 mL min -1 , the BTCs measured for the macroporous column and the pipe are similar and show that the liquid flow in the pipe and the flow in the macroporous column are indeed similar and that solute transport occurs mainly within the macropore. In this case, the macropore present in the macroporous column is somewhat isolated from the surrounding porous matrix, and the solute is mainly transported through the macropore. At lower flow rate, the macropore is not acting as if it were disconnected from its neighborhood, and a fraction of the solute is exchanged diffusively with the porous matrix, explaining the divergence observed between the BTCs of the macroporous column and the pipe (BTCs become more compact in the case of the pipe and more tailed for the macroporous column).
The MIM, a commonly used model when there is a source of nonequilibrium in a system, is not able to fit accurately the experimental BTCs of the macroporous column at low flow rate because of the presence of a plateau. In this case, MIM-optimized parameters are not physical and should not be used blindly to quantify some underlying process affecting the solute transport properties of the system. A more refined MIM-like approach (Appendix B) does not yield significantly better results. A different modeling approach, where the diffusive flux at the interface between the macropore and the porous matrix is accurately computed, is called for to simulate accurately the experimental BTCs of the macroporous column at Darcy velocities <2.5 ´ 10 -2 cm min -1 . Even the BTCs measured at the outlet of a simple cylindrical pipe can have a quite complex shape (e.g., be double-peaked), but it is necessary to resort to a detailed model to get a numerical solution in close agreement with the experimental results (Takahashi et al., 1990) .
The usefulness of a detailed approach is often questioned when dealing with a soil or even a moderately complex porous media (Brusseau and Rao, 1990; Comegna et al., 2001) . Whenever possible, parameters inferred from a model should be compared with orders of magnitude derived by independent means (backof-the-envelope calculations, computer simulation, etc.) to assess the soundness of the model (Koch and Flühler, 1993; Zinn et al., 2004) . If its validity is doubtful, the principle of parameter parsimony should prevail and foster the use of a simpler model, such as the CDE (Comegna et al., 2001) .
Verifying the plausibility of some parameters is simpler when working with a model porous media under saturated conditions than it is for an unsaturated soil. If one wants to see more often independent checking of the parameters inferred from a BTC, a good understanding on how water flows in a column containing a given realistic soil is required. Different imaging techniques (CT scan, MRI) are available and can contribute to reaching that goal (Werth et al., 2010) . Combined with computer simulations, these techniques can help to improve our knowledge of the dynamics of water in complex porous media under conditions representative of the functioning of a soil.
Appendix A
Breakthrough in the Matrix (Control Column)
The BTCs obtained for the control column by injection of an aqueous solution at different flow rates are displayed in Fig.  A1 . Unlike what has been observed with the macroporous column, the BTCs obtained for the control column are roughly symmetric. Breakthroughs start around V/V 0 = 0.8 and reach their maximum values between 1.1 and 1.2 V 0 . Maximum values of C/C 0 are between 0.13 and 0.18, much lower than in the case of the macroporous column. The value of the flow rate has a slight influence on the BTCs, albeit far less obvious than for the macroporous column: when the flow rate decreases, the BTCs become more asymmetric (i.e., they display a longer tail), hinting at the existence of a growing fraction of immobile water within the control column. Moreover, at low flow rate, the BTC increases more rapidly and reaches a maximum value smaller than at higher flow rate.
As for the macroporous column, mass balances, retardation factors, and optimized parameters have been calculated for CDE and MIM. The mass balances (@1) indicate that the solute completely exits the control column. The retardation factor does not evolve with the flow rate and is slightly larger than 1 (between 1.14 and 1.18), leading to a volume involved in solute transport RV 0 slightly larger than the pore volume of the control column. Batch experiments have shown that Br − did not sorb onto the solid phase (i.e., the mixture of glass beads and glue). We believe that this discrepancy may be due to the presence of a small volume without any beads near the exit of Column C. It could also explain why the BTCs reach their maximum values after slightly more than one pore volume.
The CDE and MIM parameters were also calculated. As with the method of moments, the volume of water involved in solute transport remains the same whatever the flow rate and is approximately equal to the pore volume of the column. The dispersivity and the mass exchange rate also remain roughly constant. Consequently, the ratio t a /t conv increases with increasing Darcy velocity, whereas t d /t conv does not change.
Overall, the BTCs of Column C are consistent with what is expected when a nonreactive solute is transported through a homogenous porous medium. The shape of the normalized effluent curves is well reproduced by the CDE and remains invariant for a wide range of flow rates. VZJ | Advancing Critical Zone Science p. 13 of 15 r macro = d macro /2, embedded in a soil matrix filling a hollow cylinder of inner radius r macro and outer radius r col = d col /2, with simultaneous radial diffusion from the boundary of the large pore into the surrounding porous soil matrix (van Genuchten et al., 1984) . Using the notations used in Eq. [7] and the coefficient of longitudinal dispersion D m instead of the longitudinal dispersivity l, the first equation of their model is:
However, unlike in the classical MIM, the concentration of the solute in the immobile phase C im is not a fundamental quantity of their model because it is defined as an average concentration: ( ) ( ) Fig. B1 . Breakthrough curves calculated from Eq.
[B1] and [B2] with injected volume V inj = 5 mL for two different Darcy velocities, q = 2.1 ´ 10 -1 cm min -1 and q = 2.1 ´ 10 -3 cm min -1 .
